Wild emmer wheat, Triticum dicoccoides, is the progenitor of modern tetraploid and hexaploid cultivated wheats. Our objective was to map domestication-related quantitative trait loci (QTL) in T. dicoccoides. The studied traits include brittle rachis, heading date, plant height, grain size, yield, and yield components. Our mapping population was derived from a cross between T. dicoccoides and Triticum durum. Approximately 70 domestication QTL effects were detected, nonrandomly distributed among and along chromosomes. Seven domestication syndrome factors were proposed, each affecting 5-11 traits. We showed: (i) clustering and strong effects of some QTLs; (ii) remarkable genomic association of strong domestication-related QTLs with gene-rich regions; and (iii) unexpected predominance of QTL effects in the A genome. The A genome of wheat may have played a more important role than the B genome during domestication evolution. The cryptic beneficial alleles at specific QTLs derived from T. dicoccoides may contribute to wheat and cereal improvement. F rom agriculture origins in the Near East 10,000 years ago, emmer was the principal wheat of the newly established farming settlements, subsequently spreading 7,000 years ago to Egypt, India, and Europe (1). Wild emmer wheat, Triticum dicoccoides, genome AABB, is a tetraploid, a predominantly self-pollinating wild progenitor of modern tetraploid and hexaploid cultivated wheats (2, 3). T. dicoccoides proved important in wheat breeding in the past, and it deserves in-depth study as a potential genetic resource for cereal improvement (1).
F
rom agriculture origins in the Near East 10,000 years ago, emmer was the principal wheat of the newly established farming settlements, subsequently spreading 7,000 years ago to Egypt, India, and Europe (1) . Wild emmer wheat, Triticum dicoccoides, genome AABB, is a tetraploid, a predominantly self-pollinating wild progenitor of modern tetraploid and hexaploid cultivated wheats (2, 3) . T. dicoccoides proved important in wheat breeding in the past, and it deserves in-depth study as a potential genetic resource for cereal improvement (1) .
Analysis of quantitative trait (QT) loci (QTL) of domestication-related traits was studied in rice (4), maize (5), sorghum (6, 7) , and millet (8) . In recent years, QTLs were mapped in hexaploid wheat for agronomic traits (9, 10) . To date, QTLs have been reported for tetraploid wheat mainly for quality traits (11, 12) but not for domestication traits. Grass domestication evolution is the key to exploiting genome diversity for future cereal improvement (13) . Therefore, the objective of this study was to map genetic loci underlying domestication-related traits, including brittle rachis (Br), heading date (HD), plant height (HT), grain size, yield, yield components, and the genomic distribution pattern of domestication QTLs in T. dicoccoides.
Materials and Methods
Mapping Population. A cross was made between a highly striperust-resistant T. dicoccoides accession, Hermon H52 (H52) (1) , with typical wild traits, from Mt. Hermon, Israel, and a Triticum durum cultivar, Langdon (Ldn). The F 2 mapping population consisted of 150 genotypes. Leaf samples were collected in the greenhouse at the elongation stage, frozen in liquid nitrogen, and stored at -80°C until DNA isolation (14) . The F 2 individuals were bagged to ensure selfing for producing F 3 families.
Phenotyping of Domestication-Related Traits. A randomized block design field experiment was conducted in Neve Yaar, Israel, from 1997 to 1998. The trial totaled 162 single-row plots, 150 for the F 3 families, and 6 for each of the parents. QTs were measured on F 3 progenies of F 2 plants genotyped for molecular markers (15) . Eleven traits were scored for 10 individual F 3 plants from each plot per genotype: HT (centimeters); HD; spike number͞ plant; spike weight͞plant (grams), including grains, hulls, and rachis; single spike weight (grams); kernel number͞plant; kernel number͞spike; kernel number͞spikelet; 100-grain weight (GWH, grams); grain yield͞plant (YLD, grams); and spikelet number͞spike. Br was qualitatively and individually scored.
Molecular Framework Map. Genotyping was conducted by using standard molecular markers, i.e., microsatellite, or short sequence repeat, amplified fragment length polymorphism, random amplified polymorphic DNA, and restriction fragment length polymorphism (15) . Two versions of genetic maps were constructed for each chromosome by MAPMAKER 3.0b (16) due to the paucity of linkage information from repulsively linked dominant markers (17) and verified by our own algorithm (18) . These two maps consist mostly of dominant markers linked in the coupling phase and of codominant markers. The H version map consists mainly of dominant markers with the dominant allele from T. dicoccoides H52. The L version map consists mainly of dominant markers with the dominant allele from Ldn. The codominant markers appear in both maps (15) . The map distances in the framework maps were computed by using the HALDANE mapping function (16) . To reduce the effect of missing information caused by the abundance of dominant markers (about 2͞3 in our mapping population) on mapping efficiency, marker ''virtual restoration'' procedure of the MULTIQTL software (http:͞͞esti.haifa.ac.il͞ϳpoptheor͞) was used. We calculated the probabilities of heterozygote and dominant homozygote for each dominant marker phenotype, based on available scores of nearest-neighbor markers, and these probabilities served in calculating the likelihood function. QTL Detection. To detect QTLs, the entire genome was scanned for each of the QTs by using the general interval mapping approach (19, 20) . The analysis was conducted by using maximum likelihood algorithms of MULTIQTL (19) (20) (21) . Before conducting the QTL analysis, the initial trait distributions were transformed to reduce the effect of strong deviation from normality on the mapping results. The detected QTLs were graphically presented by MAPCHART software (22) .
Single-QTL Model. In this case, the model can be presented as
where g ‫؍‬ (QQ, qq, or Qq) and v(QQ) ϭ d, v(qq) ϭ Ϫd, v(Qq) ϭ h, and is a random value with distribution N(0, (hence D ϭ 2d ϭ X QQ Ϫ Xis the allele substitution effect at a QTL Q͞q for trait X), and h is the dominance effect. On the basis of the relative magnitude of additive and dominance effects, a suitable simplified genetic model [''pure additive'' (h ϭ 0), ''full dominance'' (h ϭ d) of T. dicoccoides QTL alleles, or recessive (h ϭ Ϫd) effects, or ''general model'' (h deviates significantly from 0, d and Ϫd)] was chosen for each of the putative QTLs. A standard permutation test (23) was used to obtain chromosome-wise statistical significance of the putative QTL when the single-QTL model was fitted. Based on 10,000 runs per chromosome, the thresholds of the test statistics were obtained for bootstrap analysis aimed at evaluating interval estimates of the main parameters (QTL effect, its chromosomal position, and the proportion of explained phenotypic variation).
Linked-QTL Model. The single-QTL logarithm of odds (LOD) graphs for several chromosomes indicated the possibility of two QTLs per chromosome. This pattern was similar for different traits and paralleled in the two versions of the QTL maps, H and L. Therefore, a model with linked QTLs was fitted for each trait-chromosome combination (24) . The hypothesis of twolinked QTLs (H 2 ) could be compared with two alternatives, H 1 (only one QTL in the chromosome affecting the trait) and H 0 (the chromosome has no effect on the trait). Most difficult is comparing H 2 vs. H 1 . For this reason, two approaches conditioned on the selected model can be used with MULTIQTL tools: (i) Monte Carlo simulations and (ii) bootstrap analysis. For the first approach, in addition to the linked-QTL model, a single-QTL model is also fitted. Then, the obtained maximum likelihood estimates of the single-QTL model are used to generate a large number (1,000) of Monte Carlo data sets. For each set, the program fits both the linked-and single-QTL models. The LOD difference of these models is compared with that obtained for the real data. If it exceeds the LOD difference of real data, the ''overcomes'' number increases by one. Significance is calculated as the ratio of the ''overcomes'' number to the total number of runs. One thousand bootstrap samples were analyzed by using the model fitted to the initial data. The two-linked-QTL model was used if the effect of each QTL (either additive or heterozygous) was at least 2-fold compared with its standard deviation calculated across the bootstrap runs. Computer simulations indicate that these two tests give similar results, albeit the second test seems to be more conservative for relatively small sample sizes and QTL effects (not shown).
Genome-Wise Statistical Significance. For effects to be declared significant on the chromosome-trait basis, a correction for multiple comparisons should be done, recalling that the experiment included 14 ϫ 11 ϭ 154 chromosome-trait combinations. The approach based on controlling the false discovery rate (FDR) (25) was used to set significance levels. Critical chromosome-trait error rates (P values), estimated by the permutation tests for FDR ϭ 0.05 and FDR ϭ 0.1, were P Ͻ 0.011 and P Ͻ 0.032 for map version H, and P Ͻ 0.0085 and P Ͻ 0.026 for version L, respectively (see Tables 3 and 4 , which are published as supporting information on the PNAS web site, www.pnas.org.). were between the wild and domesticated parents. Segregation of the F 3 family means was observed for all 11 traits in the F 2 mapping population with the coefficient of variation (CV) ranging from 2.7% to 50.9%. All traits, except HD (CV ϭ 2.7%), showed high variability. In particular, spike number͞plant, spike weight͞plant, single spike weight, kernel number͞spike, YLD, and spikelet number͞spike were highly variable, with CV Ͼ20%. Transgressive segregation was observed for all traits except GWH.
Results

Phenotypic
Significance at the Chromosome-Trait and Experimental-Wise Levels.
Single-and linked-QTL analyses and the permutation test revealed 75, 50, and 39 QTL effects at P ϭ 5%, 1%, and 0.1% by using the H version map; and 76, 52, and 42 QTLs by using the L version map (of total 14 ϫ 11 ϭ 154 chromosome-trait combinations). The number of chromosomes with QTL effects for the specific traits ranged from two (for HT) to eight (for GWH). The number of QTL effects for the specific chromosomes ranged from zero (for chromosomes 1A, 3B, and 6A) to 19 (for chromosome 5A), and more than half of the 75 and 76 significant effects were located on chromosomes 1B, 2A, and 5A (Table 1) . However, the above test of the significance of individual chromosome-trait combinations ignores multiple comparisons caused by multiple traits and chromosomes. Thus, the FDR correction was applied (25) . This procedure resulted in the reduction of the numbers of detected QTLs to 22 and 24 for the H and L version maps, respectively. Namely, these QTLs were not significant at FDR ϭ 5% (for FDR ϭ 10% the reduction was for five and six effects, respectively). However, most of these nonsignificant QTLs (using FDR ϭ 5% or 10%) proved reproducible between the H and L version maps. Moreover, a part of the weak QTL effects displayed overlapping location with strong QTL effects for other traits rather than random distribution across the genome. Therefore, only the QTL effects that were not significant in the FDR test and were not reproducible between the H and L version maps were excluded.
Modes of QTL Action for Domestication-Related Traits. As shown in Table 1 , for the H version map, 21 and 33 of the 54 traitchromosome effects fitted the linked-and single-QTL models, respectively; similarly, for the L version, this proportion was 22 and 32, respectively. Of the 76 detected effects in the L version map, 15, 35, 11, and 12 followed the additive, dominance, recessive, and heterotic modes, respectively (relative to the T. dicoccoides allele) ( Table 3) . Corresponding proportions for the 75 detected effects in the H version map were 19, 29, 11, and 14, respectively (not shown). Therefore, nearly 80% of the detected QTL effects fitted the additive, dominant, or recessive modes of action of the T. dicoccoides QTL allele. Using arbitrary thresholds of 10% and 25% of percentage explained variance (PEV) to delineate ''minor,'' ''intermediate,'' and ''major'' QTLs (26), 35 major QTL effects with PEV Ͼ25%, LOD Ͼ3.0, and FDR ϭ 5.0% were detected by the L version map (Table 3) .
Genomic Distribution of QTLs for Domestication Traits. The map positions of the QTLs for various traits on the same chromosome were highly overlapped (Table 3) . Fig. 1 and Table 4 show that most of the significant QTLs, referred to as domestication syndrome factors (DSFs), are clustered in limited intervals of chromosomes 1B, 2A, 3A, and 5A (see also Table 3 ). Table 1 indicates that the map-version differences for the number of QTL effects uncovered on the levels of chromosome, genome, and the entire genome were all nonsignificant. For almost all domestication traits, the number of QTL effects mapped on the A genome exceeded or equaled that on the B genome (not shown). Despite the high number of significant QTLs, they are highly clustered on the maps. Consequently, the total number of intervals of the QTL locations was 16 in each version of the map; most of these clusters appear in pairs or triplets within the corresponding chromosomes (1B, 2A, 5A, 5B, 6B, 7A).
Discussion
Our discussion covers (i) clustering of domestication QTLs of wild emmer wheat and a comparison with other cereals; (ii) cryptic alleles; (iii) DSFs in genomic gene rich regions; and (iv) unexpected predominance of the major QTL effects in the A genome.
Domestication QTLs in Wild Emmer: Comparison with Other Cereals.
Br-related factors. Br is a typical characteristic of wild cereals including T. dicoccoides. The breakage of rachis sheds seeds at maturity. This trait is agriculturally deleterious; hence, transformation of Br to non-Br is the first symbol of domestication. In this study, the Br of T. dicoccoides was controlled by a dominant gene (Br) and mapped on the long arm of chromosome 2A (Fig.  1) . Remarkably, in an interval of 32.2 cM between this gene and a microsatellite marker, Xgwm294, a cluster of eight major linked domestication QTLs (with LOD of 3.7-9.3) was also mapped. Possibly, the domestication syndrome factor involving these eight QTL effects is tightly linked to the Br gene and͞or is the result of a pleiotropic effect of Br. Br in T. dicoccoides functions as an abscission layer in millet (8) , seed dispersal in sorghum and maize, and seed shedding in rice (6) . Seed size. Seed size was strongly selected in all domesticated cereals: wheat, barley, oats, and rye in the Near East; maize in America; rice in Asia; and sorghum and millet in Africa (6, 13). We mapped eight QTLs for GWH on chromosomes 1B, 2A, 4A, 5A, 5B, 6B, 7A, and 7B. Major GWH QTLs were located on chromosomes 2A, 4A, and 5B with LOD Ͼ 3.7 and P Յ 0.001. Two of the seed-size QTLs are involved in the proposed DSFs, but two major GWH QTLs (LOD ϭ 4.7-6.1, P Յ 0.001) on chromosomes 4A seem to be independent from the DSFs (Table  4) . Three major seed-size QTLs correspond closely in sorghum, rice, and maize, and another five QTLs correspond between two of these genera when the taxa are compared in a pairwise fashion (6) . Eight rice seed-size QTLs were mapped to chromosomes 2, 3, 4, 5, 8, 9, 11, and 12 (4). Parallel synteny existing between wheat and rice chromosomes (27) indicates that all detected seed-size QTLs in T. dicoccoides correspond to their rice counterparts. Developmental timing. Flowering time was also selected in the major cereals. Short-day flowering wild grasses were transformed into domesticates in which flowering time was unaffected by day length (13) . HD͞flowering time is an important criterion for regional adaptation and yield in all cereals (28) . In our study, the wild parent, T. dicoccoides H52, was sensitive to day length and HD, flowering later than the cultivar Ldn. Four HD QTLs were mapped on chromosomes 2A, 4B, 5A, and 6B (Table 3) . On the basis of the map positions, we postulated that HD QTL on 5A is involved in DSF7, and HD QTL on 2A is involved in DSF2 (Fig. 1) . The wild allele for the QTL on 5A will increase the value of HD and so is responsible for the late flowering of T. dicoccoides, whereas the wild HD alleles on chromosomes 2A, 4B, and 6B can accelerate the flowering date (Table 3 ). These ''earliness'' alleles, plus the early genes from the T. durum cultivar, might explain the significant transgressive segregation (the majority of the individuals were earlier than the early parent Ldn) for HD in the mapping population.
Yield. Primary domestication targets were likely the genes that facilitated harvesting and enabled colonization of new environments. Yield must have soon assumed priority, minimizing labor input and land needs (13) . The wild parent in our mapping population had a very poor yield (YLD ϭ 0.5 g vs. YLD ϭ 8.2 g in the domesticated parent). Five yield QTLs were mapped on chromosomes 1B, 2A, 3A, 5A, and 5B. Three yield QTLs on chromosomes 1B, 2A, and 5A are highly significant (LOD ϭ 5.5-10.1, P Ͻ 0.001). The eight yield QTLs overlapped with QTLs for other traits on chromosomes 1B, 2A, 3A, and 5A ( Fig. 1) , incorporated in various DSFs on different chromosomes or chromosomal intervals.
Cryptic Alleles. Soller and Beckmann (29) pointed out that QTL mapping could uncover ''cryptic'' genetic variation (beneficial alleles) that is otherwise hidden in a sea of deleterious alleles. Here, the wild H52, T. dicoccoides parent, possesses stripe-rust resistance (14) , short stature, and high tillering capacity, with agriculturally deleterious features such as slow growth (late heading); small grains; few, small, and light spikes; and low yield. Nevertheless, among the 75 domestication QTL effects for 11 traits, wild QTL alleles of T. dicoccoides for 18 (24%) effects were agriculturally beneficial, e.g., contributing to short plant, early HD, more spike number͞plant, higher spike weight͞plant, ; ; , single spike weight (SSW); ;
, spike weight͞plant (SWP); , kernel weight͞plant (KNP); t, HD; _, GWH;^, spike number͞plant (SNP). The regular trait name represents a single QTL; the italic trait name represents a single QTL (Q2) detected by linked-QTL analysis; the regular trait name tailed with Q1 means the first QTL and tailed with Q2, the second QTL in a pair of linked QTLs. A tailed trait name (5) means that the QTL effect is not significant at the level of 5% of FDR but is significant at FDR 10%; (10) means that the effect is not significant at FDR 10%. more kernel number per spikelet, higher GWH, and higher yield (Table 3) . Thus, these cryptic alleles together with genes for resistance or tolerance to biotic and abiotic stresses and high protein content (1) could advance utilization of T. dicoccoides for wheat improvement. Such favorable alleles for yield components were also found in wild relatives of other crops, like rice (4), pearl millet (8), and others.
DSFs. DSFs in wheat and other cereals. A general transition from small-seeded plants with natural seed dispersal to larger-seeded nonshattering plants until harvest applies to all seed crops. These parallels transcend the deepest divisions within the angiosperms, with both monocot and dicot crops developing a similar adaptive domestication syndrome to human cultivation over the last 10,000 years (30) . Here, 4 of 14 chromosomes of tetraploid wheat harbored 80.4% of the 56 strong-to-moderate QTLs underlying the differences between wild T. dicoccoides and cultivated T. durum for 11 traits, clustered in seven intervals (Fig. 1) . We propose seven DSFs, each involving a pleiotropic QTL or cluster of QTLs affecting 5-11 traits (see Table 3 ). Substantial clustering of domestication QTLs was revealed in sunflowers, and genomic regions influencing multiple traits harbored QTL with antagonistic effects (26) . Morphological differences between maize and teosinte result from QTLs clustered in only five genomic regions (31) . Independent domestication of sorghum, rice, and maize involved convergent selection for large seeds, nonshattering spikes, and day-length insensitive flowering. These similar phenotypes are largely determined by a small number of QTLs that closely resemble each other in the three taxa (6) . Loci underlying morphological differences between pear millet and its wild ancestor are mainly concentrated in four linkage groups (8) . Thus, our findings of a limited number of DSFs corroborate the results in other cereal crops showing that the domestication syndrome is under a relatively simple and rapidly evolving genetic control (6) . Linkage vs. pleiotropy. We have previously demonstrated nonrandom distribution of molecular markers along chromosomes (15) . This feature is prevalent in most mapping studies of wheat (32, 33) and in many other organisms (34) . It has been attributed to the nonrandomness of crossover distribution along chromosomes, i.e., reduced recombination in the proximal regions and hotspots of recombination in the subtelomeric regions of chromosomes (34) .
The mechanism for QTL clustering may be the same as for molecular markers, i.e., tight linkage. If so, the coincidental mapping of several QTLs derives both from the small sample size effect on mapping resolution and scant recombination within blocks of QTL genes. Pleiotropy of the underlying genes could provide alternative interpretation. Coupling tight linkage and pleiotropy could better explain the data, especially due to the high correlation between some traits. Factor analysis reveals that variation of the 11 traits can be represented by three ''independent factors'' accounting for 84% of the multiple trait variation (not shown). Thus, DSFs simultaneously affecting the traits that depend on more than one ''independent factor'' can indeed include tightly linked loci with pleiotropic effects on the considered traits. It is noteworthy that the signs of the effects of the DSFs on different traits corroborated quite well with the correlations between the traits (Table 4) . Due to the small number (seven) of the revealed strong DSFs, it would be highly desirable to attempt further dissection of these factors by using special mapping designs based on accumulation of recombinants for the flanking markers and saturation of target intervals by additional markers (35) . DSFs and gene-rich regions. Gene distribution in Triticeae (wheat and barley) chromosomes is highly nonrandom, with a few gene-rich regions alternating with gene-poor regions, as in other eukaryotes (36) (37) (38) (39) (40) (41) . Gene-rich regions correspond to hot spots of recombination (36) (37) (38) (39) (40) (41) (42) . Remarkably, the map positions of all (!) seven major wheat DSFs appeared to overlap with gene-rich regions (Table 2) . Therefore, the high pleiotropy and͞or tight linkage of most wheat domestication QTLs suggest an important role of recombination in either consolidation of positive mutations within the DSF clusters (43) and͞or in reducing the antagonism between artificial and background (purifying) selection (44) . The presumed coincidence between DSFs and gene-rich regions could facilitate component dissection of these factors, their further fine mapping, and finally, map-based cloning.
Relative Importance of A and B Genomes in Domestication. For 10 of the 11 domestication QTs, the adjusted number of QTLs on the A genome equaled or exceeded that on the B genome. For H and L version maps, the numbers of QTL effects revealed on the A͞B genome at the FDR ϭ 5% level were 37͞16 and 35͞17, respectively, and the genome differences were significant at the level of P ϭ 0.004 and 0.012, respectively. Overall, the number of QTL effects on the A genome exceeded that on the B genome (Table  1) . Interparental PstI-based amplified fragment length polymorphisms (AFLP) (15) also showed that markers are not randomly distributed among A and B genomes of tetraploid wheat: Ϸ60% of polymorphic AFLP loci were mapped to the B genome. PstI restriction enzyme preferentially targets low-copy regions of the genome (probably because of the high GϩC content of its recognition sites), and in maize genome, PstI-based AFLPs are preferentially located in the hypomethylated noncentromeric regions associated with genes (45) . Likewise, higher polymorphism in the B than in the A genome applies to microsatellites (46) and restriction fragment length polymorphism markers (47) in common hexaploid wheat as well as in T. dicoccoides in Israel (48) . These nonrandom patterns may mirror the genetic differentiation of structure and function among genomes and chromosomes between T. dicoccoides and T. durum during domestication. It is noteworthy that by screening the GRAINGENES web site (http:͞͞wheat.pw.usda.gov͞), we found that of 161 mapped wheat disease resistance genes, 75 were from B genomes (P Ͻ 0.008) (unpublished results).
A few other manifestations of asymmetry between the A and B genomes in polyploid wheat are worth mentioning. Previous molecular cytogenetic analysis conducted at the Institute of Evolution (University of Haifa) by using genomic in situ hybridization revealed a pattern that was interpreted as evidence of a process of enrichment of the A genome with repetitive sequences of the B genome type (49) . Such genomic changes may provide the physical basis for several phenomena described in polyploid wheats, such as A genome gene silencing (50) or nonrandom (clustered) distribution of markers (putatively caused by peculiarities of recombination) that was characteristic of B, but not A, chromosomes (15) . Experiments with synthetic allohexaploids of wheat show that interactions between the components of a polyploid genome leading to diploidization of meiotic chromosome behavior may also include very fast nonrandom sequence elimination (51) . The pattern of elimination in synthetic allohexaploids was similar to that of the natural hexaploid wheat.
